The objective of this study is to investigate a thermal field in the turbulent boundary layer by means of direct numerical simulation (DNS), in which the wall heating has suddenly vanished in the downstream region, i.e., the wall is heated by a constant temperature condition followed by an adiabatic condition. The DNS of spatially developing boundary layers with heat transfer using the generation of turbulent inflow data method has been conducted. In this study, two types of flow field with heat transfer are investigated via DNS. One is a turbulent boundary layer along flat plate, and the other is a turbulent boundary layer over the forward-facing step. In both cases, constant temperature wall followed by adiabatic wall condition is adopted. In particular, the turbulent heat transfer phenomena around suddenly-changing wall thermal condition are revealed. In the case of forward-facing step flow, since the adiabatic wall thermal condition is applied on the step, a peculiar phenomenon is observed in comparison with the case of flat plate. DNS results clearly show the statistics and structure of turbulent heat transfer in a constant temperature wall followed by an adiabatic wall. Also, DNS clearly shows the wall-limiting behaviour of turbulence in thermal field whose index number with reference to the distance from the wall changes due to the modification of wall thermal conditions, which may be useful for the turbulence modelling.
Introduction
There are several experimental, numerical and theoretical investigations of the turbulent boundary layer with heat transfer (1) - (5) . In general, the wall boundary condition of the thermal field can be considered in three cases, as a constant wall temperature, a constant heat flux wall and an adiabatic wall. Although the above-mentioned investigation dealt with a simple thermal wall condition so as to know fundamental turbulent heat transfer phenomena, the wall condition of thermal field often changes in practical thermal fields. Thus, the present study deals with the step change of wall thermal condition in the turbulent boundary layer. Especially, the thermal field of boundary layer whose wall-heating has suddenly vanished in the downstream region, that is the wall heated by a constant temperature followed by an adiabatic condition, is investigated by means of direct numerical simulation (DNS) (4) , (6) . These investigations were experimentally and numerically conducted (7) - (11) , but the apparent near-wall turbulent heat transfer statistics and structures were not demonstrated. Detailed investigations and observations of near-wall turbulent heat transfer phenomena have relied increasingly on DNS (4) , (6) , (12) , because DNS can provide the in-depth data of turbulent statistics including high-order moments near the wall, though there are limitations of the Reynolds and Prandtl numbers. Therefore, in order to obtain detailed knowledge of a turbulent thermal field around the point where thermal boundary condition is changed, i.e., a constant temperature wall followed by an adiabatic wall condition, the DNS is carried out using the high-accuracy finite difference method, where turbulent boundary layers over two cases of wall shape are adopted in the DNS. One is a turbulent boundary layer along a flat plate, and the other is a turbulent boundary layer over the forward-facing step. In the case of the flat plate, the fundamental turbulent statistics and turbulent heat transfer phenomena are investigated in a suddenly-changed thermal field due to variation of boundary condition, in which variations of turbulent quantities such as temperature fluctuation and turbulent heat flux in both the streamwise and wallnormal directions are revealed. On the other hand, it is well-known that the wall-limiting behaviour of turbulence in thermal field changes with variation of boundary condition of thermal field (13) - (16) , which may be useful for the understanding of heat transfer phenomena from the wall and for the turbulence modelling. Thus, the wall-limiting behaviour of turbulence in thermal field is demonstrated in this study. On the other hand, the adiabatic wall condition is applied on the step in the case of a forward-facing step. Thus, this case investigates how heat is transferred from the upstream direction of the forward-facing step over the step. In this case, the wall is heated from the midstream of boundary layer, i.e., a thermal boundary layer dose not simultaneously develop with a boundary layer of velocity field. Therefore, the entrance region of thermal boundary layer is also observed. As mentioned above, the turbulent boundary layers with heat transfer over two cases of wall shape are studied by means of DNS, in which the wall is heated by a constant temperature condition followed by an adiabatic condition, and the entrance region of thermal boundary layer is also observed. Therefore, detailed turbulent heat transfer phenomena in the adopted wall conditions are investigated in this study.
Numerical procedure
The present DNS has the driver and the main simulation parts as shown in Fig. 1 , in which the turbulent boundary layers of both the velocity and the thermal fields are generated in the driver part, and the main simulation part receives turbulent inflow data from the driver part. Thus, the spatially developing boundary layers with heat transfer are achieved without the periodic boundary condition in the streamwise direction (3) , (4), (17) .
The velocity field is governed by the incompressible Navier-Stokes equation without buoyancy and the continuity equation which are non-dimensionalized by the free stream velocity, U 0 , and the momentum thickness, δ 2,in at the inlet of the driver part. Thus, the governing equations of the velocity field are given as follows:
where the Einstein summation convention applies to repeated indices, and Re δ 2,in =Ū 0 δ 2,in /ν is the Reynolds number based on the free stream velocity,Ū 0 , and the momentum thickness, δ 2,in at the inlet of driver part. The energy equation governing the thermal field non-dimensionalized by the temperature difference between the free stream and the heated wall temperature, ΔΘ =Θ 0 −Θ w , is given 
as follows:
where Pr=ν/α is Prandtl number. Figure 1 shows the schematic and the coordinate system of both cases. Table 1 shows some details of the computational methods and grid numbers. Note that the spatial resolutions are varied due to the variation of friction velocity along the wall. The DNSs based on the high accuracy finite-difference method are carried out under conditions Re δ 2,in = 300 and Pr = 0.71 in all cases, and the step height h = 3δ 2,in in the case of the forward-facing step. The boundary conditions of the main simulation part for the velocity field are the no-slip conditions on the walls, and ∂u/∂y = 0, ∂w/∂y = 0, ∂v/∂y = −(∂u/∂x + ∂w/∂z) on the upper boundary (free stream) . At the outlet of both parts, the convective boundary condition is applied, and the periodic boundary condition is used in the spanwise direction.
The boundary condition for the thermal field at the wall in the case of the flat plate is given as a constant wall temperature in the driver and the main simulation parts, but the wall condition is suddenly changed at the downstream point x c (where x c /δ 2,in = 52.08), i.e., the adiabatic wall condition, ∂θ/∂y| w = 0, is applied from x c in the downstream direction. In the case of the forward-facing step, the wall thermal condition of the driver part is given as an adiabatic wall condition. The wall of the main simulation part is heated as a constant temperature wall as far as the step, and the adiabatic wall condition is applied on the step (x c /δ 2,in ≥ 30). Thus, the thermal boundary layer develops from the entrance of the main simulation part. Note that the temperature fluctuation at the wall becomes zero in the constant wall heated region, but the fluctuation at the wall occurs in the adiabatic wall region. On the upper boundary, a constant temperature,Θ 0 , is given, and the outlet and spanwise boundary conditions are the same as those in the velocity field. Figure 2 shows results of the temperature difference between the wall and free-stream, ΔΘ w = (Θ 0 −Θ w (x))/(Θ 0 −Θ w0 ). The similar experimental result of the flat plate (7) is also included for comparison, where FP is the abbreviation for the case of the flat plate, and FS indicates the case of a forward-facing step. The non-dimensional distance x * is defined by domain. Also, Reynolds number, Re x , is based on the free stream velocity and a unit length (=1 m), where the free stream velocity is 30.6 m/s which is used in the experiment (7) . Using the free stream velocity of the experiment, the Reynolds number of the DNS is commuted. In all cases, the wall temperature decreases rapidly at the point where the thermal wall condition is changed from a constant temperature condition to an adiabatic condition. The decresing tendency of the wall temperature for the DNS result of the flat plate shows a similarity to the experimental result. Note that the adiabatic wall is difficult to achieve perfectly near the point of x c in the experiment, i.e., there may be a little heat conduction from the heated wall to the adiabatic wall. However, the wall temperature of the experiment decreases more rapidly than that of the DNS due to a Reynolds number higher than that of the DNS. Thus, the difference between the DNS and the experiment may be acceptable. In the case of the forward-facing step, the wall temperature decreases greatly in comparison with cases of the flat plate, because the temperature near the step is lower than the wall temperature of the heated section.
Results and discussion
The distributions of the Stanton number, S t = q w / ρc pŪ0 Θ 0 −Θ w , are shown in Fig. 3 , where the cases of heated wall without the adiabatic wall are included in the figure for comparison of Stanton number between FP and FS. Note that since the Stanton number becomes zero on the adiabatic wall, the distributions of Stanton number are only indicated for the cases of heated wall without the adiabatic wall in the downstream region from x * = 0.
Also, note that since the wall in the case of FS with adiabatic wall is heated from the edge of main simulation part as mentioned above, the Stanton number becomes higher than the case of FS without adiabatic wall. It can be found that the Stanton numbers decrease in front of FS, and increase around the step, but the Stanton numbers of FP almost maintain the constant value.
Mean temperature profiles are shown in Fig. 4 . It can be observed that the mean temperature of the FP decreases on the lower side of the boundary layer thickness y/δ < 0.5. On the other hand, since a thermal field develops from the origin of the main simulation part in the FS, and is influenced by the step near the step, the different mean temperature profiles are observed obviously in comparison with the FP. Also, the mean temperature on the step decreases on the lower side of y/h < 2. Figure 5 shows distributions of rms temperature fluctuation. In the FP, the decrease in temperature fluctuation is observed clearly near the wall. This tendency is similar to that in the experimental result (10) . As for the distributions of temperature fluctuation in the FS, it can be observed that the temperature fluctuation diffuses toward the outer region on the step in the downstream region as indicated in Fig. 5(b) , though the temperature fluctuation decreases near the wall on the step. This is because the mean temperature affected by the velocity field in the separated region on the step also diffuses toward the outer region on the step as shown in Fig. 4(b) , where the location of the reattachment point on the step is x/h = 2.04 (x c /δ 2,in = 6.12; x * = 0.087) (6) .
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Distributions of turbulent heat-fluxes are shown in Figs. 6 and 7. Figure 6 indicates the streamwise turbulent heat-flux, uθ, which decreases appreciably near the wall in the FP. On the other hand, the streamwise turbulent heat flux distributes above y/h ∼ 2, where the streamwise turbulent heat flux almost vanishes near the origin of the step in the FP as shown in Fig. 6(b) . This can be observed in the distributions of wall-normal turbulent heat-flux as indicated in Fig. 7(b) . The reason why both the turbulent heat-fluxes distribute above y/h ∼ 2 in the downstream region on the step is because the mean temperature distributes here as mentioned above. On the other hand, it seems that the wall-normal turbulent heatflux of the FP remains near the wall in comparison with the streamwise turbulent heat-flux. Therefore, the profiles of mean temperature of the FP in the downstream region hardly change above y/δ ∼ 0.5, as shown in Fig. 4(a) . In the FS, the negative value of the wall-normal turbulent heat-flux indicates the so-called counter diffusion phenomenon of the thermal field, because the wall-normal turbulent heat-flux indicates a positive value when the temperature gradient indicates a positive value in general (18) . Note that the temperature gradient indicates absolutely positive in the wall heating region, where distributions of streamwise mean velocity and Reynolds shear stress in the FS are shown in Fig. 8 . Since the recirculation region exists around the step, the streamwise mean velocity takes a negative value. Also, the negative value of Reynolds shear stress appears remarkably on the step as shown Fig. 8(b) , where the counter diffusion phenomenon of velocity field can be observed (6) . Thus, the phenomenon of velocity field relates to the occurrence of that of the thermal field. Also, the negative value of the wall-normal turbulent heat-flux can be observed in the adiabatic region on the step. The distributions of wall-normal turbulent heat-flux on the step in the downstream region indicate a tendency of distributions similar to that of streamwise turbulent heat-flux in the region, though the streamwise turbulent heat-flux decreases rapidly in comparison with the wall-normal turbulent heat-flux in the FP. In order to investigate near-wall variations of turbulent quantities of thermal field, Figs. 9 and 10 show the near-wall distributions of the statistics of turbulent heat transfer. The effect of the adiabatic wall reaches up as far as the logarithm region in the downstream region as shown in Fig. 9 (a) . Since the temperature fluctuation at the wall occurs in the adiabatic region, it is clearly observed that the temperature fluctuation increases near the wall, but becomes small in the downstream region. As for the turbulent heat-fluxes, the stream-wise turbulent heatflux decreases more rapidly than the wall-normal turbulent heat-flux, i.e., it seems that the wall-normal turbulent heat-flux still remains in the logarithm region of the adiabatic region as shown in Fig. 10 . On the other hand, the wall-limiting behaviour of turbulence is very important in order to know a turbulent structure in the vicinity of wall. Also, the turbulence model must satisfy the correct wall-limiting behaviour in order to predict properly the nearwall turbulence (13) - (16) . Thus, the wall-limiting behaviours of temperature fluctuation and wall-normal turbulent heat flux are shown in Fig. 11 . On the heated wall, the wall limiting behaviours of temperature fluctuation and wall-normal turbulence heat flux are proportional to y 2 and y 3 , respectively (16) , but these are proportional to y 0 and y 2 on the adiabatic wall (16) .
The present DNS shows clearly the wall-limiting behaviour of the thermal field, and it can be found that the wall-limiting behaviour of turbulent quantities appears under y + ∼ 5. Thus, it may be considered that the wall effect for the thermal field occurs remarkably from near here. Finally, the thermal streaky structures are shown in Fig. 12 . The threshold levels of detection of tempearture fluctuations are: θ > 0.15 (high temperature fluctuation) and θ < −0.15 (low temperature fluctuation) for the FP, and θ > 0.075 (high temperature fluctuation) and θ < −0.075 (low temperature fluctuation) for the FS, respectively. In the FP, since the thermal boundary layer simultaneously develops with the velocity field from the driver part, the complicate thermal streak structure is observed in the heated region. However, the methodical thermal streak structure is found in the heated region of the FP, because the thermal boundary layer is only formed from main driver part. In both cases, the thermal streak structure remains in the adiabatic region, but it is obvious that the streak distributes thinly.
Conclusions
DNSs of the spatially developing boundary layer with heat transfer are carried out, in which the wall heating has suddenly vanished at the downstream region, i.e., the wall is heated by a constant temperature condition followed by an adiabatic condition. In this study, two types of flow field with heat transfer are investigated via the DNS. One is a turbulent boundary layer along the flat plate (FP), and the other is a turbulent boundary layer over the forward-facing step (FS). In both cases, a constant temperature wall followed by an adiabatic wall condition is adopted. In the case of FS, the wall is heated in the main simulation part only, in which the entrance region of thermal boundary layer can be also observed. Thus, the increase of Stanton number is found in the entrance region in contrast with the almost developed thermal turbulent boundary layer. Also, the increase of Stanton number by the step is clearly demonstrated. In particular, the turbulent heat transfer phenomena around the suddenly-changing wall thermal condition are revealed, in which the decrease of wall temperature in the adiabatic region and the corresponding turbulent quantities of thermal field are clearly indicated, i.e., it can be found that the turbulent quantites in thermal field such as the temperature fluctuation and the turbulent heat fluxes decrease remarkably in the nearwall region. In the case of FS, since the adiabatic wall thermal condition is applied on the step, a different phenomenon is observed in comparison with the case of the flat plate. The DNS results show clearly the statistics and structure of the turbulent heat transfer in a constant temperature wall followed by an adiabatic wall, in which the temperature fluctuation and the turbulent heat fluxes are diffused toward the outer region by the effect of step in the adiabatic wall region on the step. Also, DNS clearly shows the wall-limiting behaviour of turbulence in thermal field whose index number with reference to the distance from the wall changes due to the modification of wall thermal conditions, which may be useful for the turbulence modelling.
